The use of nanoparticles as building blocks for the self-assembly of functional materials has been rapidly increasing in recent years. In particular, two-dimensional materials can be effectively selfassembled at liquid interfaces thanks to particle localization and mobility at the interface in combination with tailoring of specific interactions. Many recent advances have been made in the understanding of the adsorption and assembly at liquid interfaces of small hydrophobic nanoparticles stabilized by short-chain rigid dispersants but the corresponding studies on core-shell nanoparticles sterically stabilized by extended hydrophilic polymer brushes are presently missing. Such particles offer significant advantages in terms of fabrication of functional, responsive and bio-compatible materials. We present here a combination of experimental and numerical data together with an intuitive and simple model aimed at elucidating the mechanisms governing the adsorption of iron oxide nanparticles (5-10 nm) stabilized by low molecular weight poly(ethylene glycol) (1.5-10 kDa). We show that the adsorption dynamics and the structure of the final assembly depend on the free energy of the particles at the interface and discuss the thermodynamics of the adsorption in terms of the polymer solubility in each phase.
Introduction
The extraordinary properties of inorganic nanoparticles (NPs) are exploited in an increasing number of technological applications, including biosensing, 1 therapeutics 2-5 and diagnostics.
3,6
NPs can also be used as ''additives'' to improve the performance of existing materials 7 (e.g. thermal conductivity, 8 mechanical stability 9 or energy transfer 9 ), or to impart new functions to them (e.g. magnetic 10, 11 or triggered release 12, 13 ). In parallel, vast efforts have been recently made in order to synthesize and fabricate NPs of controlled shape and functionality 14, 15 and to understand how they interact 16 with the aim to direct their assembly into complex structures.
17
A particularly suited way to assemble NPs in a controlled way is to exploit their self-assembly at liquid-liquid or liquid-air interfaces (SALI).
18 Surface-active NPs adsorb and localize at interfaces, thus offering the possibility of easily assembling twodimensional (2-D) materials for the fabrication of capsules, 19 ultra-thin cross-linked membranes [20] [21] [22] [23] [24] and free-standing metal films. 25 The reason for particle trapping at liquid-liquid interfaces has been extensively discussed in the literature 26, 27 and hinges upon a free energy gain for the system due to the removal of interfacial area between two fluids when a particle resides at the interface. 28 The energy gain depends on particle size and wetting properties and on the interfacial tension between the two phases g 0 . Neutrally wetting conditions lead to the highest adsorption energy since they maximize the particle cross-sectional area at the interface. For this reason several strategies have been developed to tune the wettability of NPs, either by exchanging ligands on the particle to achieve the right surface chemistry, 19 by changing the solvent composition (e.g. by adding ethanol) 25, 29 or by controlling the pH. 30 Despite vertical trapping at the interface, NPs still retain lateral mobility which, under the right circumstances, allows for the assembly of highly spatially uniform structures. 31, 32 Moreover, at the interface additional inter-particle interactions are present, 27, 33, 34 i.e. electrostatic, capillary and solvation, which are absent in the bulk and which contribute to determine the structure of interfacial assemblies. All the aforementioned points highlight the flexibility of SALI as a route to fabricate 2-D NP-based materials. Of particular interest is to obtain 2-D materials with controlled NP content and spatial organization. In this respect, the use of expanded, solvated shells makes it also possible to assemble responsive membranous materials, for which the polymer matrix, the NP internal structure and inter-particle distance can be controlled over a large range of distances by applying external stimuli. Such membranes enable the true combination of the best features of polymer chemistry and physical properties of NPs. Moreover, many well-studied polymer brushes are hydrophilic and exhibit controlled biomolecular interactions; for these reasons such materials are highly relevant for biomedical and biotechnological applications.
Experimental studies on NP-SALI have almost exclusively dealt with ''hard'' NPs, stabilized by short chain, rigid dispersants. Most of these systems consist of hydrophobic particles modified by alkyl self-assembled monolayers. The most advanced examples have been demonstrated by Emrick, Russell and co-workers 20, 35 and M€ ohwald and co-workers. 19, 36 However, the unknown stability of the dispersant anchoring groups at the interface combined with limited hydrophobic shell thickness and homogeneity is likely to lead to aggregation at the oil-water interface and precludes the possibility of obtaining particle spacings larger than 1-2 nm. Regarding water soluble NPs, the very limited available examples include 2 nm Au NPs functionalized with short chain alkyl-oligo(ethylene glycol) thiols, 23 8-40 nm charge-stabilized, citrate-capped Au NPs 29 and tobacco mosaic virus. 37 However, in the first case the use of only four ethylene glycol units led to weak stability and very short interparticle separations. Citrate NPs were found to aggregate in 2-D domains and the charge stabilization was not sufficient to produce homogeneous monolayers as in the case of larger colloids. 28 Finally, virus particles offer tremendous monodispersity, shape and functional control as well as high structural order, 22 but do not possess the chemical or physical (optical, magnetic, mechanical) properties to perform the functions offered by inorganic nano-sized objects.
The limitations put forth above can be overcome by using core-shell NPs, where the shell comprises grafted, osmotically repulsive, hydrophilic polymers of controlled molecular weight (Fig. 1) . The presence of the polymer shell has multiple functions. It above all provides colloidal stability to the particles in the aqueous phase. For this purpose it is crucially important that the polymer is irreversibly grafted to the particle cores at high density via a suitable anchoring group. The thickness of the polymer shell also determines the separation between the particle cores in closepacked assemblies. Moreover, the free end of the polymers can be functionalized to carry specific binding or cross-linking groups for targeting or in situ polymerization and dyes for fluorescent tagging. Finally, the choice of polymers responsive to external stimuli (e.g. temperature or pH) can be exploited to actuate the assembled structures.
In addition to application-driven advantages, SALI of coreshell NPs presents questions of high fundamental scientific interest. In core-shell NP-SALI the lowering of the interfacial energy by particle adsorption no longer depends only on the size and wetting properties of the core but also on the solubility of the organic polymer shell in the two solvents. The study of these effects is in its infancy. Numerical simulations have started to address the shell conformation for individual particles at liquidliquid interfaces, but the studies are still limited to relatively short dispersants. 38, 39 Preliminary experimental studies have highlighted a link between polymer molecular weight and colloidal stability at the interface. 40 We focus here on SALI of iron oxide NPs, which find numerous applications due to their magnetic properties and good biocompatibility, 41 including diagnostics 42 and therapeutics, e.g. hyperthermia.
4,5 Single-core iron oxide NPs can be sterically stabilized by a dense poly(ethylene glycol) (PEG) shell bound to the NP surface by a stable anchor via a simple ''grafting to'' approach. [43] [44] [45] [46] [47] We have recently demonstrated that particles of superior stability are obtained using PEG anchored with nitrocatechols 43, 48 and thus all the results shown in this paper were obtained using Fe 3 O 4 NPs stabilized by PEG-nitroDOPA shells of different thickness.
This work is triggered by the experimental observation of a complex adsorption behavior for iron oxide-PEG NPs at the water/n-decane interface (Fig. 1) . Based on such observation, we have developed a set of experiments, simulations and theoretical models, which provide a comprehensive approach to decipher the adsorption behavior of soft sterically stabilized core-shell NPs. The experimental characterization is preceded by a short description of the particle synthesis and stabilization procedure. We later move to time-resolved interfacial tension measurements which capture the collective NP behavior at the interface and then attempt to gain microscopic insight by looking at the hydration of PEG brushes in the two solvents used. The ''macroscopic-to-microscopic'' approach is also followed in the presented numerical and modeling results, aimed at integrating and shedding light on the experimental data. Numerical studies unravel the different adsorption regimes as a function of particle interfacial binding energy and allow for the characterization of the interface coverage and the size distribution of adsorbed NPs. In addition to the collective NP adsorption behavior studied in the numerical simulations, we have also elaborated a simple theoretical model to explore further the effects of the polymer shell on the adsorption of individual NPs at liquid-liquid interfaces. The model is based on a Flory-type theory for a polymer brush grafted on a spherical colloid which sees an interface between two liquids with different qualities and gives as an output, aside from brush heights, the equilibrium position for a core-shell NP relative to the interface and corresponding free energy gain. Fig. 1 Schematic representation of the pendant drop geometry (a) and of the adsorption process for core-shell NPs (b). The red arrows schematically represent diffusion of NPs from the bulk aqueous phase towards the liquid-liquid interface. NP core (C) and hydrodynamic radius (R h ) in water are highlighted. Upon reaching the interface, the NPs are adsorbed and their separation at close packing is determined by the thickness of the hydrated polymer shell, as it will be discussed further in the text.
2 Results and discussion 2.1 Experimental results 2.1.1 PEG-iron oxide nanoparticles. Superparamagnetic iron oxide NPs were individually stabilized with PEG-nitroDOPA resulting in core-shell NPs. More details on the synthesis and stabilization protocols can be found in Section 3.1. Using an oil bath as an energy source, iron oxide NPs were nucleated and grown for 24 h under constant magnetic stirring at temperatures between 150 and 180 C, depending on the targeted core size. Higher temperature results in larger particles. Directly after core synthesis PEG-nitroDOPA was grafted to as-synthesized NPs
49
(See Section 3.1 for details). The PEG molecular weight of PEGnitroDOPA was varied between 1.5 and 10 kDa. The hydrodynamic size of core-shell NPs could be closely controlled by independently tuning the core size through the NP synthesis temperature and the shell thickness through the PEG molecular weight (M w ). This opens up the possibility of controlling independently the iron content and the separation between cores in a close-packed 2-D assembly. The size distribution of the cores (radius C) was characterized by transmission electron microscopy (TEM), small angle X-ray (SAXS) and neutron scattering (SANS). The mean hydrodynamic radius (R h ) of the core-shell particles, averaged over several batches, was measured by dynamic light scattering. The average size and standard deviation calculated over several batches are reported in Table 1 . SANS and SAXS data could be fitted by assuming a log-normal core size distribution with a standard deviation of 0.3. The main causes of polydispersity are the variation in the core size from synthesis and the specific polymer shell conformation on each particle. Preliminary TGA (Thermo-Gravimetric Analysis) and SANS data indicate a packing density of PEG chains on the NP core surface ranging from 1 to 2 molecules/nm 2 with only a weak dependence on PEG M w and core radius.
Interfacial tension measurements:
Pendant drop tensiometry. In pendant drop tensiometry (PDT) the interfacial tension g between two fluids is measured by imaging a droplet of one fluid phase immersed in the second one (Fig. 1) . The drop profile is automatically detected and fitted with the YoungLaplace equation, extracting the value of g. 50 In our case drops of aqueous NP suspensions are formed in n-decane and the interfacial tension is measured as a function of time; adsorption of NPs at the liquid-liquid interface lowers the system free energy which translates into an effective interfacial tension reduction, therefore by monitoring g as a function of time we can obtain information about the adsorption kinetics. Fig. 2 shows the normalized interfacial tension g 0 ¼ g/g 0 as a function of time for two iron oxide core sizes and three PEG molecular weights, where g 0 ¼ 53.2 mN m À1 is the interfacial tension of the pure water/n-decane interface. 51 Analogously to what was reported in preliminary studies, 40, 52 we observe that the bulk concentration c and the PEG molecular weight have a strong influence on the adsorption kinetics. As the concentration of the NP suspension increases we observe that the initial value of g 0 decreases; this is due to the fact that as the droplet is formed, a given number of particles (increasing with concentration) is already adsorbed at the interface leading to a value of g < g 0 above a size-dependent bulk concentration. Additionally, we observe that the interfacial tension decreases faster for more concentrated suspensions. This is expected as the adsorption rate scales with bulk concentration. Moreover, for all particles g 0 plateaus (more or less markedly depending on the size) at high concentrations and long times to a saturation value g N which is independent of c. But what perhaps is the most striking feature of Fig. 2 is the complex shape of the time dependence of g 0 , which appears to be an exclusive of core-shell NPs. Such complex behavior is absent for ''harder'' objects which show a smooth g decay with time.
53,54 Upon increasing particle size and bulk concentration, different adsorption regimes appear. Starting from the smallest particles with core radius C ¼ 2.1 nm and stabilized by PEG 1500, we observe that by the increasing bulk concentration c, the g 0 versus time curve initially decays smoothly (c < 1 Â 10 À6 mol) but then develops shoulders which correspond to transitions in the adsorption rates. A similar but more pronounced behavior is observed for the PEG molecular weight and larger core radius C ¼ 4.8 nm. As the thickness of the PEG shell increases and thus the size of the NPs, the presence of a plateau in g 0 at intermediate times becomes evident. Moreover with increasing c the plateau shows up at increasingly shorter times and for the highest concentrations a second, long-time plateau is observed. The latter also manifests itself at shorter times for higher concentrations and the value of the long-time, asymptotic interfacial tension g N becomes independent of c, corresponding to a saturation of the interface. The numerical simulations reported in Section 2.2 have the specific aim to elucidate further the nature of these complex adsorption regimes.
In order to exclude the possibility that the reduction in the interfacial tension is coming from free polymer and to confirm that the complex adsorption behavior is stemming from the presence of composite, soft NPs, we have also performed PDT experiments on pure PEG aqueous solutions. Fig. 3 shows g as a function of time for NPs coated by PEG 5000 and C ¼ 2.1 and 4.8 nm and for free PEG 5000 chains. At the concentration used (c ¼ 1 Â 10 À5 mol) the free polymer very rapidly saturates the water/n-decane interface while the core-shell NPs show the complex behavior reported in Fig. 2 . The PEG molecular weight has a strong influence on the asymptotic long-time interfacial tension g fpc N of the free polymer chains (fpc) (inset to Fig. 3 ), while this dependence is not observed for the core-shell NPs.
Polymer shell hydration: Quartz crystal microbalance. Quartz Crystal Microbalance with Dissipation (QCM-D)
55 is a sensitive technique to measure the hydration of planar thin films of known polymer density 56 via the monitoring of the shift of resonance frequency Df, corresponding to film mass, and energy dissipation D, corresponding to viscous and hydrodynamic losses, of an oscillating quartz crystal. PEG-nitroDOPA of the same molecular weights used to stabilize the NPs (1.5, 5 and 10 kDa) was adsorbed ex-situ on TiO 2 coated QCM-D crystals. ‡ The hydration change in the brushes upon exposing them to water and n-decane was then measured. The raw data are summarized in Fig. 4 . We initially measured a baseline at 25 C in Millipore water where the PEG brush is fully hydrated and subsequently exchanged the solvent with n-decane at t ¼ 30 min. Upon solvent exchange an increase in the resonance frequency of the crystals was measured, accompanied by a reduction in the dissipation. Since control measurements on bare TiO 2 showed the baseline shifts to be insignificant when water was exchanged for n-decane (see ESI †), these two observations can be ascribed to a partial collapse of the polymer brush. The positive frequency shift is interpreted as a reduction of the brush hydrated mass as the thickness of the brush is reduced and liquid mass is expelled from it. 56 Analogously the dissipation decreases as viscous losses from fluid motion within the brush are reduced. 58, 59 The brushes could easily be rehydrated and re-expanded to their original thickness as demonstrated by the return to the baseline values when the n-decane was replaced again by water at t ¼ 90 min.
To quantify the amount of collapse it is also necessary to measure the absolute hydrated mass of the PEG-nitroDOPA films. However, the protocol for functionalization of TiO 2 surfaces with a stable PEG brush cannot be performed in situ in Interfacial tension g versus time at the water n-decane interface for particles coated by PEG 5000 with C ¼ 2.1 nm (red squares) and C ¼ 4.8 nm (green filled circles) and of non-tethered PEG 5000 (blue triangles) at 1 Â 10 À5 mol concentration (particles and free polymer chains, respectively). Inset: long-time interfacial tension g fpc N of the free polymer chains (fpc) versus PEG molecular weight at the water n-decane interface. The solid line is a fit from eqn (8) with eqn (7). ‡ Nitrocatechol-PEG in this molecular weight range has been shown to form brushes when adsorbed on TiO 2 .
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our QCM-D setup (see Section 3.1 for details). Furthermore, the density and density profile of PEG brushes on the planar TiO 2 and on the Fe 3 O 4 NP surfaces are expected to differ significantly. 57, 12 A quantitative extension of the results presented here to the collapse of PEG shells on NPs at the water/n-decane interface is therefore not meaningful, but we nonetheless note that a significant collapse is observed in n-decane and that, as expected, the absolute collapse is higher for thicker brushes (higher PEG molecular weight). For these reasons we decided to carry out a modeling study which, upon the existence of the evidence of at least a partial collapse of the polymer shell, is aimed to elucidate the role that polymer solubility has on the free energy of individual core-shell NPs at liquid interfaces (Section 2.3).
Numerical simulations results

Model and simulations.
We design a simple model, aimed at a first qualitative understanding of the basic mechanisms of the collective particle adsorption behavior at the interface. We consider the NPs as soft spheres interacting via the interaction potential
, where s i denotes the radius of particle i, r ij the distance between the centers of particles i and j and 3 sets the energy scale. In the experimental system the particles interact via soft steric repulsion of the polymer shells; the experimentally determined thickness of the shell ensures that the range of steric repulsion is much greater than the range of attractive van der Waals interactions, with a high energy barrier to reach the inter-particle distances required for significant van der Waals attraction. Therefore, for simplicity, our effective potential only reflects the repulsive part of the interaction potential. In order to reproduce faithfully the nature of such interactions, one must know the details of the density profile of the polymer shell around the oxide cores, a complex task for objects with high curvature and roughness on the relevant nanoscale. U ij (r) represents the simplest choice from a numerical point of view to describe the inter-particle interactions and to account for the experimental features without introducing assumptions not verifiable here. To mimic the experimental system, we extract particles from a log-normal distribution of particle sizes with mean radius s and standard deviation 0.3s. In the following we will use s as our unit length, 3 the unit energy and m the mass of the particle. For practical purposes in the simulations we use a truncated distribution (i.e., s i > 0.9 and s i < 1.5). Solvent molecules are not simulated explicitly since they are much smaller than the NPs and the interface is modeled via a 2-D simulation box of linear size L ¼ 80 with periodic boundary conditions.
To adsorb/desorb particles we use a Grand-Canonical Monte Carlo (MC) scheme where the Metropolis rate is given by the energy difference upon adsorption/desorption of a particle randomly chosen from the distribution specified above, the temperature T and the number of adsorbed particles. 60 The energy gain for a particle i to be adsorbed onto the interface is taken to be
, where DE 0 is determined by the solvent pair (water/n-decane in this case), the particle surface chemistry and size. 28 Note that this expression assumes naked (non-coated) particles centered at the interface. The contribution of the core-shell nature of our NPs will be discussed in Section 2.3. The adsorption/desorption rates are fixed by DE i , the number N of particles at the interface and the change DU i in the interaction energy on the surface upon adsorption/desorption of particle i. 60 In the simulations we consider DE 0 from 1.0k B T to 100k B T, where k B is Boltzmann's constant; the experimental values for our system are higher (see Section 2.4), but DE 0 ¼ 50k B T already starts to capture some essential features of systems with irreversible adsorption at the interface over the simulation time window considered here.
We perform D steps of Molecular Dynamics (MD) between two MC cycles to mimic the particle dynamics at the interface, using velocity Verlet with a step 0.002 and fixing the temperature T ¼ 1.0 via velocity rescaling. 61 The unit time is t 0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi m4s 2 =3 p . The data presented here correspond to D ¼ 10 MD steps. In the following, we use the MD time as the lapsing time of the numerical experiments and we qualitatively compare the different regimes detected in the simulations to the ones observed in the adsorption experiments. A quantitative matching of the numerical time with the physical time will be performed in future work.
Finally, we assume that the particle density close to the interface scales with the bulk concentration c. This corresponds to a higher rate of adsorption attempts (as described by the MC cycle). Hence, in a first simple approximation, in order to account for concentration effects, we consider each MC cycle to be limited to N 0 attempts and therefore assume an attempt rate N 0 /D: increasing values of N 0 correspond to increasing concentration. Here we varied N 0 between 10 and 10 4 .
2.2.2
Results. Using the procedure described above, we follow the adsorption process and monitor the progressive population of the interface as a function of the simulation time defined above. At each time t we calculate the surface coverage, i.e. the fraction of the simulation box occupied by the adsorbed particles F(t) ¼ P i ps 2 i /L 2 obtained by sampling the simulation box with a grid of 2500 points per unit area s 2 . With a fixed N 0 (i.e., N 0 ¼ 10 3 ), we observe that the adsorption process changes upon changing DE 0 . Fig. 5 shows snapshots of the simulations, where a different surface coverage F between DE 0 ¼ 1k B T and DE 0 ¼ 100k B T is attained. Moreover it already suggests that also the size distribution of the two populations might be different.
The number and size of particles adsorbed at the interface determine the reduction of the interfacial tension; in particular, the normalized interfacial tension g 0 ¼ g/g 0 reported in Fig. 2 is linearly related to F(t) via eqn (6). Fig. 6 shows 1 À F(t) as a function of time for different DE 0 x. The surface coverage obtained at the end of the simulation increases monotonically upon increasing DE 0 . For low adsorption energies DE 0 < 10k B T, the system reaches an equilibrium surface coverage over the simulation time window: particles are continuously adsorbed and desorbed but the surface coverage value does not change. The permanence time on the surface of a particle of s i ¼ 1.0s is typically x10t 0 for DE 0 ¼ 1k B T. The permanence time increases with DE 0 and at the largest DE 0 hardly any particle is desorbed; for DE 0 T 20k B T, the adsorption curves show an evolution towards higher surface coverage without reaching a steady state within the simulation time frame.
An interesting feature of the curves in Fig. 6 which also appears in the experimental data, is the complex behavior of 1 À F(t) at intermediate times ($0.2t 0 < t < 10t 0 ) for the largest adsorption energies. The observed intermediate plateau in 1 À F (t) corresponds to the fact that, after a first rapid filling of the surface, adsorption is blocked until a sufficiently large void becomes available. Once the particles which were adsorbed in the initial filling have had time to rearrange, particles equal to or smaller than the available void can be adsorbed and thus increase further the surface coverage. At small adsorption energies DE 0 # 1k B T the system smoothly evolves towards its equilibrium distribution, with a progressive increase of the mean radius (Fig.7) . For larger adsorption energies 10k B T T DE 0 T 20k B T, desorption events become rare and a new type of adsorption dynamics sets in: higher surface coverage is attained upon adsorbing relatively larger particles, as compared to the case of lower DE 0 . The system eventually evolves towards the steady state upon decreasing the mean radius and polydispersity on the surface only at much longer times. Finally, for even larger adsorption energies DE 0 $ 50k B T, the system gets stuck in a regime characterized by the irreversible adsorption of particles of any size. The mean radius of the particles at the interface keeps decreasing due to the fact that at longer times only smaller and smaller particles can fill the space left by the irreversibly trapped particles and therefore the polydispersity does not decrease and x From eqn (6), it follows that g/g 0 ¼ 1 À F only if one assumes g 0 ¼ DE/ps 2 but the shape of the curve is not affected by the choice of g 0 .
remains, in the simulations window, very different from the ''optimal'' values attained in the equilibrium regime of small DE 0 . These observations are summarized in Fig. 8 . In particular we observe that the maximum attained NP surface coverage grows monotonically with DE 0 and so does the long-time polydispersity for large adsorption energies. For small adsorption energies DE 0 the adsorption process is dominated by the ''optimal'' size selection, which is more effective upon increasing DE 0 , hence the final attained polydispersity accordingly decreases and is smaller than the one of the parent distribution. For large DE 0 instead, the adsorption dynamics is controlled by the persistence of larger particles at the interface and the irreversible progressive space filling which corresponds to a polydispersity close to the initial one.
To study the effect of bulk concentration of the initial NP suspension on the adsorption process, we fix DE 0 ¼ 100k B T and vary N 0 . In Fig. 9 we plot 1 À F(t) as a function of time. The numerical data show remarkable similarities to the experimental findings. The short-time value of 1 À F(t) decreases with increasing N 0 , in agreement with the picture where a large number of particles is rapidly adsorbed in the first stages of the experiments at higher initial concentrations, as indicated by the decrease of the initial values of g (Fig. 2) . Moreover, for N 0 ( 10 2 a lower surface coverage is obtained over the same simulation time window and 1 À F(t) does not show the plateau discussed before. This is also qualitatively consistent with the experimental observations of Fig. 2 and suggests that, for sufficiently diluted suspensions, the adsorption kinetics leads to a continuous increase of the surface coverage without being much affected by the inter-particle interactions at the interface. For N 0 T 10 3 , we note the appearance of the adsorption plateau at intermediate times and a saturation value of the final coverage which is only weakly dependent on N 0 within the simulation time window, in analogy to what is reported in Fig. 2 as a function of the bulk concentration c.
Overall, in spite of the rather crude assumptions, the simple model and simulation approach described above seem to capture the qualitatively most striking features of the PDT experiments. The results of the preliminary numerical studies presented here suggest that cooperative processes (i.e., the creation of space sufficient for the adsorption of new particles) are relevant and significantly affect the adsorption kinetics. However, a more detailed representation of the experimental system would take into account the active role played by the polymer shell in determining the position of the NP relative to the interface, the corresponding reduction of interfacial area and the binding energy. In the following we therefore propose a Flory-type theory to account for the effect of the liquid-liquid interface on the polymer chains attached to the surface of the colloidal particle.
2.3
Modeling results: a Flory-type theory for polymer brush on colloids at liquid-liquid interfaces 2.3.1 Energy of a polymer chain tethered to the surface of a colloid. In order to understand the behavior of core-shell NPs at the interface, let us first consider the case of a single polymer chain belonging to a brush tethered to the surface of a colloid immersed in a solvent. The free energy of the chain can be written as a sum of an entropic elasticity term and an interaction contribution between the chains in the brush,
. The label i ¼ 1, 2 indicates the two liquids (solvents) at both sides of the interface (see Fig. 10 ).
A simple form of the elasticity entropy is given
as function of brush
height R, where R 0 is the size of an ideal chain with N spherical monomers of size a. The molecular interpretation of these quantities depends on the polymer model used. We will later employ a wormlike chain model for quantitative comparisons with the experimental results. In a mean-field approximation, the interaction between polymer chains is taken into account by 62, 63 
where f ¼ Na 3 /V(R) is the volume fraction of the polymer in the brush and V(R) the available volume for a partially confined chain of size R tethered to the colloid surface. The dimensionless Flory-Huggins interaction parameter c i , more conveniently replaced by s i ¼ 1 À 2c i , depends on the solvent quality of liquid i: s i > 0 corresponds to good solvent, while s i < 0 describes poor solvent conditions. Typically, s i increases with increasing temperature. At the Q-temperature, one has ideal solvent conditions, with s ¼ 0. Assuming s 1 > s 2 , the equilibrium polymer sizes R eq i are different in the two liquids and are calculated by minimizing the free energies f i (R) separately.
So far, we have followed the classical Flory theory in each solvent i for which the equilibrium polymer size R eq in some simple geometries is known 63 {. In the following, we extend the theory to a curved surface and consider additional contributions arising from the presence of a liquid-liquid interface. Our approach to describe the brush tethered to the NP core (also known as Alexander brush for the case of tethering to a planar surface, 62 i.e. infinite core) does not allow us to calculate the density profile within the polymer layer, or a corresponding effective interaction potential. The former can however be derived following the self-consistent field approach reviewed and extended to branched polymers in. 64 For the purpose of the following arguments, the precise knowledge of the density profile is not required.
Single core-shell nanoparticle.
We can now calculate the contribution of the polymer shell to the free energy of a single NP at the interface using the expressions presented above. Let C denote the radius of the spherical NP core, z the height of its center relative to the liquid-liquid interface, and R 1 and R 2 the brush heights (shell thicknesses) in the two respective solvents (Fig. 10) . In the case of a ''naked'' particle, the free energy contribution stemming from interfacial adsorption is F 12 ¼ Àg 0 A 12 (z), where g 0 is the interfacial tension between the two fluids and A 12 (z) is the cross-sectional area occupied by the particle at a height z from the interface. 28 For a particle coated by a densely packed brush, A 12 (z)is replaced by the area occupied by the core and shell
where, R h (R 1 + R 2 )/2 is an effective shell thickness within the plane of the interface. The free energy contribution thus becomes F 12 (z) ¼ Àg 0 A 12 (z, R). Except for the interface region, the polymers contribute with a free energy f i per chain, i.e. in total n 1 (z)f 1 + n 2 (z)f 2 , where n i (z) is the number of polymers on the surface of the core exposed to solvent i. We have implicitly assumed that the chains are predominantly exposed to either solvent 1 or 2. This description becomes unsuitable in the limit of vanishing core, C ¼ 0 (to be discussed separately below).
We assume homogeneous coating, where S is the area per polymer, i.e. the inverse grafting density. Given these approximations, the free energy of the coated NP at the interface is given by As mentioned above, we obtain the equilibrium size of the polymer R eq i in the two solvents by minimizing separately f i (R). We thus assume that the polymer size is unaffected by the presence of the interface. We expect this to be a good approximation for dense brushes sufficiently far from the interface, but this becomes questionable close to the interface, where the shell can be deformed. 38, 39 Moreover, the definition of an effective shell thickness R at the interface is also neglecting such shell deformations. For the minimization of f i (R), explicit expressions for the available volume are needed. By purely geometric arguments, the available volume per chain of given size R is V ðRÞ ¼ 4p 3n ½ðC þ RÞ 3 À C 3 . The total number of tethered chains is the sum n ¼ 4pC 2 /S ¼ n 1 (z) + n 2 (z) and, for homogeneous coating, the number of tethered polymers in solvent 1 and 2 is n 1 (z) ¼ 2pC(C + z)/S and n 2 (z) ¼ 2pC(C À z)/S, respectively.
Effective particle size and interfacial tension.
Having obtained the equilibrium polymer sizes R eq i in both liquids, their arithmetic mean, R eq ¼ (R eq 1 + R eq 2 )/2, is taken as the effective shell thickness at the interface (Fig. 10 ). Therefore the cross-sectional area taken up by a single particle at the interfacek is A 12 (z, R) ¼ ps 2 0 with
For particles sitting preferentially in the solvent with highest quality (1), s 0 does not represent the true distance between the centers of two touching particles.** This distance is instead
determined by the thickness of the brush at the NP equator buried in the water phase below the interface plane (see Fig. 10 ). This fact will have consequences on further refinements of our coarse-grained simulation model, since the length scale relevant to the adsorption energy is s 0 , while the inter-particle interactions are determined by s. To highlight once more the difference between these two quantities it is worth pointing out that under very poor solvent conditions for solvent 2, s 0 can also become smaller than C, loosing any physical meaning as inter-particle distance. In order to compare these two distances, we need to minimize F(z), eqn (2), with respect to z to obtain the equilibrium height z eq of the coated NP center from the liquid-liquid interface. The maximum and minimum values of z eq correspond to NPs that are fully immersed in solvent 1 and 2, respectively. An analytic expression for z eq is not available in closed form and it has to be evaluated numerically. † † With all the relevant quantities at hand, the binding energy of a single core-shell NP coated by n chains is obtained as the difference between (i) the free energy at its equilibrium position z eq within the interface, and (ii) the free energy of the same NP dissolved in the best of the two solvents,
with F(z) according to eqn (2) . Given a macroscopic surface area dA, at saturation coverage F (we assume 2-D close-packing F ¼ 0.91 of equally-sized particles), the number of NPs at the interface is FdA/ps 2 and the related reduction of macroscopic surface tension is ÀDE times the number of NPs, divided by dA, in agreement with the approach of Du and co-workers. 54 Accordingly, we extract the asymptotic long-time interfacial tension g N (as measured in experiments) from the energy gain, eqn (5) , and the equilibrium NP radius, eqn (4), via
2.3.4 Determination of theory parameters and results. We now come to the numerical estimations of the quantities of interest. The parameters needed for the Flory-type theory for free PEG chains are monomer size a, ideal chain size R 0 , solvent qualities s i , and N z 23M w /kDa for a given PEG molecular weight M w.
Adopting a wormlike chain model with a ¼ 0.32 nm and persistence length l p ¼ 2a, the square radius of gyration is given by
with x h l p /Na. Despite the lack of agreement in the literature for the precise choice of these parameters, 65-67 using the figures reported above and s 1 ¼ 0.13, the resulting equilibrium size R 0 is compatible with the hydrodynamic radii reported in 68 for PEG in water (cf. values for R eq 1 in Table 2 ). The model is also able to predict the size, free energy gain and corresponding interfacial tension reduction for single free polymer chains (fpc) at the interface. A single chain of size R gains, when absorbed at the interface, an amount of free energy that is proportional to the area occupied by its N monomers, DF fpc ¼ Àg (6), let us consider the total free energy for a layer of total area dA saturated by FdA/ pR 2 0 ideal polymers (at 2-D close-packing, F z 0.91). The corresponding interfacial tension is g
for the free polymer. Using g p ¼ 19 mN m À1 and (g 0 ¼ 53.12 mN m
À1
) and eqn (7) with the model parameters a, l p previously established, we are in excellent agreement with the measured data for all molecular weights (inset of Fig. 3) .
The predictions for the size s of the PEG-coated NPs in water are also in reasonable agreement with the R h values quoted in Table 1 using the specified core radii C and S as reported in Table 2 . Assuming S as a weakly increasing function of M w is consistent with preliminary experimental evidence (see Section 2.1.1). Such result is a consequence of adsorbing the polymer in a fully collapsed state on a highly curved k For a particle to be considered at the interface, we assume |z eq | # C. ** We emphasize that the following discussion is not dependent on this particular choice of s 0 but is valid for any chosen effective size at the interface.
† † However, as long as f ( 1, a scaling analysis can be trivially performed for R eq i ( C and R eq i
[ C, corresponding to the limiting cases of a planar brush and non-tethered chains. Interactive online facility available at http://www.complexfluids.ethz.ch/colloids surface. This approach, however, underestimates the hydrodynamic radii for the low molecular weight PEG particles (M w ¼ 1.5 kDa), even assuming the surface area per polymer to be Sxa 2 . In this respect the deviations are most likely stemming from neglecting important factors in the conformation and density profile of the brushes arising from the topology of the NP surface (e.g. high curvature and nanoscale roughness). Finally, in order to calculate the interfacial quantities of interest as DE from eqn (5) or the surface tension g N from eqn (6), the solvent quality s 2 has to be specified. Table 2 summarizes these values for a simple choice, s 2 ¼ À0.2. ‡ ‡ By looking at the values of the trapping energy at the interface we immediately see that they are much larger than the highest |DE 0 | ¼ 100k B T used in the numerical simulations. As commented in Section 2.2 this calls for a refinement of the interaction potential for more detailed studies, but at the same time enforces the arguments by which our experiments are described by irreversible trapping at the interface. Moreover we see that the Flory model is able to yield values of the saturation interfacial tension which are in the range of the data in Fig. 2 . However, the model predicts a weak dependence of g N on the PEG M w which is not observed in the experiments. Once more, these minor differences can be expected given the strong approximations made in the model which does not take into account the real S(M w ), the details of brush properties and the presence of polydispersity in the particle sizes.
These observations are further explored in Fig. 11 where three relevant energy differences are reported as a function s and s 2 . F(z eq )+g 0 p(C + R eq ) 2 is the free energy difference at the interface between a coated NP and ''naked'' one with the same size. We observe that the addition of a polymer shell rapidly makes interfacial adsorption more energetically favorable as a function of s; moreover, for solvents 2 of higher quality, having a polymer brush is also energetically beneficial due to positive solvation contributions. F(z eq ) À F(0) represents the error one makes in calculating the free energy by assuming a fixed particle at z ¼ 0 and neglecting the energy penalty paid by the polymer shell exposed to solvent 2. We observe, as one would intuitively expect, that this difference rapidly increases with s for poor solvents, while the z ¼ 0 approximation is accurate for s 1 zs 2 and/or small s. i.e. low PEG M w for a fixed core size. Finally, we note that solvent quality strongly affects how DE scales with particle size s. For s 1 z s 2 one has z eq z 0 and thus s z s 0 which as a consequence gives DE z Àg 0 s 2 , as it can be observed at the front of Fig. 11 . This quadratic dependence is consistent with the observations reported for hard, ''naked'' particles; 28, 54 in this regime, the behavior of our coated core-shell NPs is well described by an effective representation which neglects the actual role of the polymer shell in the energy balance. However, for poor solvents, the quadratic dependence is lost due to the fact that the contributions coming from the solvation of each portion of the shells exposed to the different solvents become increasingly different and s is no longer describing the particle size at the interface. The details of DE(s) depend on the specific choices of the parameters in the Flory model (e.g. S(M w )), but it is anyway worth noting that the NP behavior becomes qualitatively different.
Discussion
The combination of experimental data and numerical and modeling results lends itself to the discussion of several interesting issues. It is a noteworthy fact that our very simple 
. R 0 is the undisturbed PEG radius of gyration; R eq i is the brush height in solvent i; S is the mean surface area per PEG chain; n is the total number of PEG chains within the shell of a single NP; g fpc N is the asymptotic long time-surface tension of free PEG at the interface; s is the equilibrium core+shell radius to be compared with the hydrodynamic radii in Table 1 ; z eq is the displacement of the core center from the interfacial plane into solvent 1; s 0 the effective core+shell radius within the interfacial plane; DE the binding energy for a single NP;g N is the interfacial tension as calculated from eqn (5, 6) DE represents the trapping energy at the interface; F(z eq ) À F(0) represents the error made in calculating the free energy assuming a particle forcefully centered at the interface; F(z eq ) + g 0 p(C + R eq ) 2 is the free energy difference at the interface between a coated NP and ''naked'' one the same hydrodynamic radius s. ‡ ‡ The results for g N are anyway only weakly dependent on the precise value of s 2 .
simulation approach reproduces several qualitative features of our experiments and also confirms other experimental observations. In particular the occurrence of size selection at interfaces has been previously observed experimentally in the DE 0 ¼ 3-6k B T range for CdSe NPs, where the larger ones are preferentially adsorbed at the expenses of the smaller ones. 35 The structure of the interfacial assembly also resembles the data reported from X-ray reflectivity measurements of 3 and 5 nm CdSe NPs at the water/toluene which highlight a highly dense, liquid-like monolayer. 69 Moreover, the numerical study also suggests that cooperative processes become relevant for the adsorption kinetics. In this respect, the soft repulsion and the stability against aggregation provided by the thick PEG shells appear to be key ingredients in the unique manifestation of plateaus in the adsorption kinetics. The absence of the former and the presence of attraction and aggregation at the interface is bound to create a dense percolating particle network in which collective rearrangements and thus the adsorption kinetics are frozen.
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The knowledge on the individual NP adsorption behavior gained with our simple Flory model is also remarkable. The main conclusion of the modeling approach lies in the acknowledgement that the adsorption energy is dominated by the solvation of the polymer shell. As a result a non-quadratic scaling of the trapping energy for core-shell NPs is predicted away from neutral solvation conditions as opposed to the case of ''naked'' particles. 28, 54 This fact stems from the complex and unique interplay between the reduction of the interfacial area between the two liquids when a NP sits at the interface and the free energy of the polymer brushes exposed to the two solvents as a function of polymer molecular weight and solvent quality. As a consequence, away from the conditions of equally good solvents, the particle is not centered at the interface and two separate length scales develop and determine the adsorption and the interactions between NPs at the interface. In particular, the three-dimensional character of the problem can no longer be neglected and we need one length scale s which determines excluded volume interactions and establishes core-to-core separations and another one s 0 which takes into account the effective particle size at the interface. The excluded volume interactions, and thus inter-particle separation, are not necessarily determined at the interface plane, as for steric hindrance between icebergs floating on water. Conversely, s 0 will determine viscous forces and motion of the NPs at the interface.
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These facts can be implemented in the numerical simulations, especially upon gaining more detailed experimental information on the polymer grafting density as a function of M w and of the conformation of the NPs at the interface, for instance by employing in situ X-ray reflectometry. In this case, the knowledge of the shell solvation and polymer density profile could be used as an input parameter to obtain an accurate interaction potential for the numerical simulations and it could also be explicitly used in our Flory-model to estimate the effect of solvent quality, polymer molecular weight and core radius.
Finally, due to the evidence of very large trapping energies at the interface, it is necessary to clarify the nature of the measured interfacial tension g. Following the arguments presented by Clegg and co-workers, 72 this quantity is indeed conceptually different from the ''classical'' interfacial tension defined for soluble, surface-active molecules, e.g. surfactants and lipids. Soluble molecules at the interface coexist in thermodynamical equilibrium with others in the bulk and can thus adsorb to and desorb from the interface determining an equilibrium surface coverage and consequently an equilibrium interfacial tension which is independent of interface area but which depends on the bulk concentration. The situation is different for our NPs; given the large DE, particles in practice do not desorb once adsorbed and the surface coverage keeps growing until a saturated monolayer is formed, as also confirmed by our numerical simulations. Therefore the asymptotic long-time, steady state values of the interfacial tension become independent of the bulk concentration and what is measured in a tensiometry experiment is then an ''effective'' interfacial tension which is a direct measure of the number of adsorbed particles per unit area times DE, as presented in eqn (6) . As seen in Section 2.2, the reversibility of particle binding plays also a fundamental role on the kinetics of the adsorption. 73 by exchanging dopamine with DOPA.
48 PEG-nitroDOPA was synthesized as described previously. 3.1.1.2 Synthesis and stabilization. Iron oxide cores with radii between 2 and 5 nm were synthesized by a non-aqueous non-gel method. In brief, 1 mmol Fe(ac) 2 was dissolved in 5 ml benzylalcohol. The dispersion was heated to 70 C using an oil bath and kept at this temperature for 1 h to dissolve the precursor. Using the oil bath as an energy source, NPs were nucleated and grown for 24 h under constant magnetic stirring at temperatures between 150 and 180 C, depending on the targeted core size. NPs were washed twice with ethanol. As-synthesized NPs were stabilized with PEG-nitroDOPA. 6 mg PEG nitro-DOPA was dissolved in 0.5 ml ethanol before 5 mg iron oxide NPs dispersed in ethanol at a NP concentration of x 10 mg ml À1 were added. PEG-nitroDOPA was adsorbed on iron oxide NPs for 24 h at 50 C under constant mechanical stirring (Thermomixer comfort, Vaudaux-Eppendorf, Switzerland). Stabilized nanoparticles were purified by dialysis and Sephadex column separation (Sephadex G-75). Purified NPs were freeze-dried and dispersed in Millipore water (R ¼ 18.2 M U, TAC # 6 ppb) at a concentration of 1 mmol.
Pendant drop tensiometry.
PDT experiments were performed with a drop shape analysis system (DSA100, Kr€ uss, Germany). Droplets of 30 ml of the aqueous NP suspension (in MilliQ water, R ¼ 18.2 U, TAC # 6 ppb) immersed in the nonpolar phase (n-decane, 99%, Sigma-Aldrich) were produced at the tip of a stainless steel needle (diameter 1.85 mm) at a rate of 200 ml min À1 at room temperature and imaged with a CCD camera as a function of time. At such formation rates in n-decane inertia effects do not play a significant role; i.e. oscillations and drift in the droplet profile are absent. The droplet profile was detected automatically with an analysis software (DSA3, Kr€ uss) and fitted with the Laplace-Young equation to obtain the interfacial tension (g) as a function of time; the accuracy in determining g from each image is 0.1 mN/m. Experiments were normally split up into two-three parts: an initial section during which images were taken at a high frame rate (12.5 Hz) and a second, and occasionally third, one where images were grabbed for longer times at lower rates (0.25 Hz and 0.025Hz, respectively). In this way both the fast initial adsorption dynamics and the long-time evolution were captured. Over the time scale of seconds, the measured values of g were within AE0.3 mN m À1 from the average value. The n-decane was typically used as received but in order to get rid of surface-active molecules prior to the experiments, several aqueous droplets were passed through the oil phase to sequester the impurities and the measurements were started only when the values of g were within a 0.5 mN m À1 tolerance over a 3 min time window. Both the short-and longtime measurements were repeated for consistency and to detect any presence of drift due to contamination. At an initial stage we also tried purifying the n-decane through a basic alumina column 51 but saw no appreciable differences with the procedure described above. Moreover the purified n-decane suffered from environmental contaminations and deteriorated again over days and weeks, while our procedure allows for cleaning only the small volume needed for the PDT measurements (x 5 ml).
3.1.3 Quartz crystal microbalance with dissipation. QCM-D measurements were performed on a Q-sense E4 instrument (QSense, Sweden). 5 MHz AT-cut Au-coated QCM-D crystals (QSense, Sweden) were coated with a 40 nm thick Ti film by evaporation at a rate of 2 A s À1 (Univex 500, Oerlikon Leybold Systems). The metal for evaporation was obtained from Unaxis (Switzerland). Immediately before measurements the Ti-coated crystals were oxidized in a UV/ozone chamber (Bioforce, USA) for 30 min to obtain a clean TiO 2 surface for the PEG-nitro-DOPA adsorption. The PEG-nitroDOPA adsorption was carried out ex-situ; 100 mg ml À1 PEG-nitroDOPA solutions were dissolved in MOPS containing 0.6 M K 2 SO 4 and 0.6 M NaCl (pH ¼ 6). 57 Adsorption was performed for 4 h at 80 C. To remove excessive and physisorbed PEG-nitroDOPA, PEGnitroDOPA coated crystals were subsequently incubated in Millipore water at 25 C for 24 h. We point out that the high temperatures make it impossible to perform the adsorption in situ in the QCM-D measurement cells, while measuring, since a stable baseline cannot be achieved under these conditions.
Conclusions
In this paper we have shown a combination of experimental, numerical and theoretical results aimed at deepening our understanding of the adsorption behavior of composite, coreshell NPs at liquid interfaces. Our findings highlight the fact that the presence of a polymer brush on the NP surface leads to a complex behavior, absent for hard objects, in the collective interfacial adsorption kinetics and in the free energy of individual particles at the interface. Concluding, we highlight once more the simplicity of our measurements, simulations and models which nonetheless led to significant new insights. The study of complex objects at liquid-liquid interfaces, like core-shell NPs, is still in its infancy and we therefore expect further rapid advances of the field to take place in the near future.
